The objective of this study was to evaluate si multaneous 31P/IH nuclear magnetic resonance (NMR) spectroscopy as a technique for monitoring and corre lating changes in brain energy metabolism during hypoxia and ischemia. Five cats were studied with a protocol that involved 20 min of hypoxia (Pa02 20 mm), 60 min of re covery, 10 min of hypoxia with relative ischemia (bilat eral carotid occlusion, Pa02 20 mm), and 60 min of re covery. Bifrontal and biparietal electrocorticograms (ECoG) were monitored continuously during the entire protocol. The results demonstrate that the degree of met abolic response is different in individual cats, but a number of quantitative relationships between metabolic Energy depletion, lactic acidosis, ionic imbal ance, and membrane damage have all been impli cated in the pathophysiology of hypoxic and isch emic neuronal damage (Meyers and Yamaguchi, 1976; Ames and Nesbitt, 1983; Raichle, 1983) . The temporal and functional relationship between these events, however, is unclear, partly because of the inability of invasive analytical methods to follow
parameters are consistently observed for all cats. First, there is agreement between increases in lactate and changes in intracellular pH; the observed relationship corresponds to an in vivo cerebral buffer capacity of 29 f,Lmollg/pH unit. Second, the delayed recovery of PCr is due to the effect of metabolic acidosis on the creatine kinase equilibrium and not to a delayed recovery of the ATPI ADP ratio. Third, the observed rate of lactate clear ance from the cell is zero-order (k = 0.36 f,Lmollg/min) for lactate levels >5 f,Lm/g and may be composed of both lac tate efflux from the cell and lactate oxidation. Key Words: Brain-Cat-Hypoxia-Ischemia-1HNMR spectros copy_31PNMR spectroscopy.
the time course of metabolic changes in an indi vidual animal.
In vivo nuclear magnetic resonance (NMR) spec troscopy is a noninvasive approach for monitoring the response of cerebral metabolism to hypoxic and ischemic stress (C hance et aI., 1978; Prichard et aI., 1983; Hilberman et aI. , 1984; Naruse et aI., 1984) and can be used to follow the time course of meta bolic alterations in an individual animal. 31P -NMR has been most commonly used and yields a direct measure of phosphocreatine (PCr), ATP, inorganic phosphate (Pi), and the intracellular pH. More re cently, IH-NMR has been used to measure lactate and some amino acids (Yoshisaki et aI., 1981; Behar et aI., 1983; Schnall et aI., 1985) . A method for col lecting both 31p_ and IH-NMR data simultaneously was previously described (Schnall et aI., 1985) . The work presented here utilizes this approach to char acterize the response of cerebral metabolism to hypoxic and ischemic stress, and to relate meta bolic changes to alterations in electrical activity.
MATERIALS AND METHODS
scribed (5). The free ADP concentration was calculated using the equation Five male cats (2.5-3.0 kg, fed ad lib) were used in the experiments. The cats were initially anesthetized with an injection of pentabarbitol (40 mg/kg i.p.), and femoral artery femoral vein, and tracheal cannulations were per formed. Carotid arteries were exposed and isolated bilat erally. Occluders, consisting of "0" silk wrapped around each carotid artery and passed through plastic tubing, al lowed reversible obstruction of carotid artery blood flow. The skin and muscle overlying the skull were reflected laterally; the skull was thinned with a burr, leaving the inner table intact. Four brass screws were implanted bi frontally and biparietally into the skull for recording the electrocorticogram (ECoG). After placement in the ster eotactic head NMR probe, the animal was paralyzed with gallamine (1 mg/kg), and ventilated with a mixture of ni trous oxide (70%) and oxygen (30%) to maintain blood gas and pH values within normal limits (PaOZ > 90 mm; PaCOZ, (30) (31) (32) (33) (34) (35) and pHa, ).
The 1:3:3:1 pulse sequence (Hore, 1983 ) was used to suppress the water signal in the IH spectrum, and a low power pre saturation pulse was used to eliminate contri butions from lipid and bone to the 31p spectra. Concur rent 31p and IH spectra were acquired, as previously de scribed (Schnall et aI., 1985) , in 5-min intervals using a Phospho Energetics 350-80 spectrometer.
Control spectra were acquired for �20 min. The frac tion of inspired oxygen (Fjo2) was then decreased (bal anced by nitrogen) to yield a Pao2 of 18-20 mm. After 20 min of hypoxia, normoxia was restored, and the animal was allowed to recover for �60 min. Cerebral catechol amine levels do not appear to change during hypoxia (Davis and Carlsson, 1973) , and increased levels of cate cholamines in the blood caused by hypoxia should be re duced to control levels during the recovery period (Fer reira and Vane, 1967; Axelrod et aI., 1959; Whitby et aI., 1961) . After 60 min of recovery from hypoxia, the Pao2 was again adjusted to 18-20 mm, and both carotid ar teries were occluded. After 10 min of hypoxia with ca rotid occlusion, normoxia and carotid flow were reestab lished, and the animal was allowed to recover for at least 70 min.
Blood gas measurements were obtained every 5 min during hypoxia and hypoxia with relative ischemia, and every 15 min during the two recovery periods. Blood pressure, bifrontal ECoG, and biparietal ECoG were monitored continuously during the entire experiment.
3IP-NMR measurements of the height of the PCr and ATP signals were normalized by assuming that the con centrations of these components in the brain during con trol experiments were the same as those measured by an alytical techniques: Values for the cortex (i.e., PCr = 5.5 ILmol/g and ATP = 2.3 ILmol/g wet tissue; Welsh et aI., 1978) were used because the surface coil is most sensitive to this region. The use of peak heights instead of peak areas was justified by the observation that, to within the accuracy of the measurement, the line widths of these signals did not change during the experiment. The base line for the determination of signal heights in the 31p_ NMR spectra was drawn through the flat region at the low (10 ppm) and high (-20 ppm) field portions of the spectrum.
Intracellular pH was calculated from the chemical shift of the inorganic phosphate (Pj) signal, as previously de- Equation 1 assumes that the sum of Cr and PCr is 11 ILmol/g, that the ATP concentration is 2.3 ILmol/g, and that the equilibrium constant for the creatine kinase reac tion is 1.66 x 10-9 (Veech et aI., 1979) .
The signal at 1.3 ppm contains contributions from lipids and other components. It was assumed that the signals from lipid (Rehncrona et aI., 1982) and other com ponents remained essentially constant during the experi ment, and thus changes in this signal were equated to changes in the lactate concentration. Changes in the lac tate concentration were calculated by normalizing changes in the ratio SLae/SNAA, where SLae is the height of the signal at 1.3 ppm, and SNAA is the height of the signal at 2.0 ppm. Following cardiac arrest, analytical lactate assays, using the coupled spectrophotometric method with lactate dehydrogenase, were performed on the brains of three cats. From this information, it was deter mined that a change in the SLae/SNAA ratio of 1.0 units corresponds to a change in the lactate concentration of 16.9 ± 0.2 ILmol/g.
The brains of the three cats used for the lactate assays were funnel-frozen with liquid nitrogen 25 min after car diac arrest. Portions of the brains were removed from the cerebral cavity, pulverized in liquid nitrogen, and ex tracted with methanol/HCl/perchloric acid (Bergmeyer, 1974) . The brain samples were taken from the "sensitive volume" (i.e., l-cm deep and 2-cm wide) immediately under the surface coil. This region accounts for most of the signal in the NMR spectra.
RESULTS
Typical lH and 31p spectra from various stages in the protocol are shown in Fig. 1 . The phosphorus spectrum has seven characteristic signals. The signal at 0 ppm (by definition) is from phosphocrea tine. The three signals at -16.0 , -7 . 8 , and -2.4 ppm are from the (3, Ct, and "{ phosphate groups of ATP, respectively. The signal at 6.6 ppm is from phosphomonoester (P ME) groups, and the signal at 3.0 ppm is from phosphodiester (P DE) groups. The signal at approximately -5 ppm is from Pi' al though the precise chemical shift of the Pi signal is sensitive to pH.
The proton spectra in Fig. 1 have a prominent signal at 2.0 ppm (relative to TMS) that arises, in part, from the N-acetyl group of N-acetyl aspartate (NAA). There is also a signal at 0.9 ppm from the CH 3 and CH2 groups of lipids, and a signal at 1.3 ppm from the CH 3 group of lactate. From the lH NMR spectra of the extracts and the analytical lac tate assays in the extracts, the NAA concentration in the intact brain was calculated as 6 j.Lmollmg wet tissue. The calibration data given previously (see Materials and Methods section) thus imply that ap- 
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FIG. 1. 31p_ and 1H-NMR spectra from a cat brain (cat no. 10) taken before, during, and after hypoxia with relative ischemia (bilateral carotid artery occlusion). Each spectrum was accumulated in 5 min. Right hand portion of the figure illustrates the bifrontal and biparietal electrocorticograms (ECoG) recordings taken at the same time as the nuclear magnetic resonance spectra.
proximately one-half of the intensity of the signal at 2.0 ppm arises not from NAA but from a compo nent that gives a narrow signal in the in vivo spec trum. However, this component is not retained during the extraction procedure. This component could arise from N-acetyl groups in sialic acid and other N-acetylated sugars in plasma membrane gly coproteins and glycolipids. The IH-NMR signals from the methyl group of these sugars have approx imately the same chemical shift as the methyl group in N-acetyl aspartate, and they are relatively narrow (C hapman et aI., 1968) because the sugars are attached to polypeptide and polysaccharide chains that extend from 10 to 100 A from the mem brane surface and have considerable segmental flexibility. These N-acetylated sugars will, how ever, remain with the denatured membrane frag ments during the extraction procedure and will not contribute to the NMR spectrum of the soluble ex tract. The sialic acid content has been estimated to be �3.9 J.Lmollg in the grey matter of beef brain (Warren, 1959) .
3 Ip_ and IH-NMR data from two cats (nos. 8 and 10) are shown in Figs. 2 and 3, respectively. Ta bles 1 and 2 show the minimal PC r and pHj values, the maximal changes in the lactate concentrations, and the associated physiological parameters during both hypoxia and hypoxia with relative ischemia for all five animals. The individual animals display a wide variation in their response to the same hyp oxia/ischemia protocol. Hypoxia was associated with a significant de crease in PC r in two of the five cats (nos. 4 and 10). In both of these cats the lactate level, the PC r level, and the intracellular pH appeared to reach a new steady state during hypoxia ( Figs. 2 and 3) . In all cats, there was some degree of lactate accumula tion during hypoxia, but the values ranged from 2 to 9.5 J.Lmollg. The higher levels of lactate accumu lation were noted in cats that had the largest de creases in PC r. To within the accuracy of the data, no changes in ATP were seen during hypoxia in any of the cats.
Hypoxia with relative ischemia was associated with large decreases in PC r for all but one cat. In three of the five cats, no detectable PC r remained at the end of the insult (Table 2) . Intracellular aci dosis and lactate accumulation were seen in all cats, but again, the values encompassed a broad range. The cat that had no significant change in PCr had a very mild lactic acidosis. The cat that had a significant decrease in ATP (to 50% of the control value) had a substantial drop in blood pressure during hypoxia with relative ischemia (Table 2) . Half-times for the recovery of PCr range from 5 to 10 min. Under conditions of cardiac arrest, where it can be assumed that the rate of lactate accumulation is equal to the rate of glycolysis, the rate of lactate accumulation was found to be 1.6 f.Lmol/g/min for �10 min. This value, which corresponds to the upper limit of the accumulation rates observed under conditions of hypoxia with relative ischemia, corresponds to a glycolytic rate of 0.8 f.Lmol glu cose/g/min.
The recovery of lactate was slower than the re covery of PCr, taking 40-60 min to return to the baseline. For changes in lactate levels >4 f.Lmollg, the rate of lactate disappearance appeared to follow zero-order kinetics. The zero-order rate (0.36 ± 0.02 f.Lmollg lactate/min, Ta ble 3) was independent of the type or severity of the insult, and is very sim ilar to the rate of lactate recovery found in dog brain after 6 min of anoxia (0.37 f.Lmol/g lactate/min) by Drewes and Gilboe (1973) . In some cases, the lactate recovery was never complete, leveling off 2-3 f.Lmollg above the baseline at the end of the re covery period.
The ECoG is difficult to analyze quantitatively, especially without spectral analysis. However, there were significant changes in the EC oG throughout the experimental protocol, and these changes correlated qualitatively with the degree of metabolic response. As illustrated in Figs. 2 and 3 , cat no. 8 had a milder response to hypoxia with rel ative ischemia than cat no. 10. Figures 4 and 5 compare the response of the ECoG for these two cats. The ECoG for cat no. 8 does not become iso electric until 10 min after the insult, whereas the ECoG for cat no. 10 becomes isoelectric 5 min after insult. Also, the ECoG for cat no. 8 begins to re cover in 15 min after the restoration of normoxia and flow, but the ECoG for cat no. 10 does not begin to recover for 30 min. A survey of the data for all five cats shows that the ECoG tended toward isoelectricity at PCr levels < 1-2 f.Lmollg, even when there was no detectable change in ATP. The data also shows that there was recovery of elec trical activity towards normal levels after restora tion of normoxia and flow, but the recovery was . .
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LG90a FIG. 2. Time dependence of the ATP, phosphocreatine (Per) and lactate levels, and the intracellular pH in a cat brain (cat no. 10) during hypoxia and hypoxia with relative ischemia. ATP and per levels were calculated from the heights of the respective nuclear magnetic resonance (NMR) signals, as suming that the control levels were 5.5 and 2.3 tJ-mol/g wet weight, respectively; changes in the lactate levels were cal culated from the ratio of the 1H-NMR signals for lactate and N-acetyl aspartate; intracellular pH values were calculated from the shift of the 31P-NMR signal from inorganic phos phate (see Materials and Methods section).
delayed with respect to the recovery of PCr. In cats with profound metabolic responses, the recovery of the ECoG was not complete.
DISCUSSION
The general changes observed with the hypoxia! ischemia protocol of this study, i.e., decreased levels of high-energy phosphates, increased levels of lactate, and decreased intracellular pH values, are qualitatively consistent with well-established results shown by many groups (Gurdjian et aI., 1944; Schmahl et aI., 1966; Seisjo and Nilson, 1971; Bachelard et aI., 1974; Duffy et aI., 1972) . How ever, there are two important conclusions that can be drawn from our results. First, there are substan tial quantitative differences in the extent of the met abolic responses of individual cats to the hypoxia! ischemia protocol. Second, even though the extent of metabolic responses are different for individual cats, the quantitative relationships between meta bolic parameters are consistent for all the cats.
In this study, there is excellent correlation be tween the changes in lactate levels and changes in intracellular pH. Given that lactic acid is the major source of protons during hypoxic stress this corre lation is expected. A plot of changes in lactate against the intracellular pH (pH) (Fig. 6) can be fit to a straight line with a slope of 29 ± 4 /-Lmol/g /pH unit. Under the assumption that lactate is the sole source of protons during hypoxia or ischemia, this plot gives the buffer value (Woodbury, 1966) of the brain in vivo. The observed value is in agreement with the value of 28 ± 5 /-Lmol/g/pH unit measured by Nioka et al. (1987) using 3 IP-NMR to determine the pHj and CO2 to adjust the pH. However, the buffer values determined by in vivo NMR are higher than that reported by Siesjo and Messeter (1971) from measurements of the pH titration curve of rat brain homogenates (18.5 /-Lmol/g/pH unit). Al though the observed difference between the buffer values determined in vivo and in vitro may not be significant, it is reasonable that the buffer value of .Lactat e (fL moles/ g 1 intact brain is higher than the buffer value of brain homogenates, due to contributions from blood, ce rebrospinal fluid, and other physiological buffer systems.
Future studies may show the utility of using IH NMR measurements of lactate, in combination with the measured buffering capacity of the brain, to calculate changes in pHi during cerebral hypoxia. This technique has the advantage of the high sensi tivity of IH-NMR and also alleviates the difficulty in resolving the signal from Pi from the signals from PME and PDE in the 3 1P -NMR spectrum.
A major role of PCr in the brain is to buffer the ATP f ADP ratio through the creatine kinase reaction (Meyer et aI., 1984) . Because the creatine kinase reaction is near equilibrium in the brain (Shou bridge et aI., 1982) , the major determinants of the PCrfCr ratio are the ATP fADP ratio and the pH. ATP remains relatively constant throughout most of our experimental protocol. Thus, changes in PCr reflect changes in either the pH or the ADP con centration. Because the pHi is known, it is possible to use the creatine kinase equilibrium to calculate ADP, according to Eq. 1.
The initial pH value using the averaged 3 1P -NMR spectra was calculated from the control runs, and Eq. 1 was used to calculate a control ADP level of 13.4 ± 1.3 nmol/g. This value is <10% of the values reported from analytical assays of brain ex tracts (Ljunggren et aI., 1974; Siesjo and Nillson, 1971; Yoshido et aI., 1985) . The apparent discrep ancy between ADP concentrations measured by extraction procedures and those calculated using the creatine kinase equilibrium can be explained on the basis of bound ADP that is not biochemically active. The brain contains actin, which is known to bind one ADP molecule per monomer (Szent-
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FIG. 6. Plot of the intracellular pH versus changes in lactate concen trations in the intact cat brain. In tracellular pH was calculated from the separation between the 31 P NMR signals for inorganic phos phate and PCr, respectively. Changes in lactate were calculated from the height of the lactate signal in the 1H-NMR spectrum, as described in the text.
Gyorgi and Prior, 1966) in quantities as high as 20% of the total neuronal protein (Fine and Brey, 1971 ). This bound ADP, which could be as high as 300 nmol/g, would be measured in an analytical assay, but would not contribute to the creatine kinase equilibrium. Changes in pHi were calculated using the buffer value of the brain and the measured lactate accu mulation, and this information was used, along with Eq. I to calculate the ADP concentration as a func tion of time (Fig. 7) . During hypoxia, no changes in ADP are seen with cats that had little or no changes in PCr (Table 1 ). The only significant increase in ADP is seen with cat no. 10, which had a substan tial drop in PCr.
During hypoxia with bilateral carotid occlusion, the decrease in PCr is more pronounced than that found with hypoxia alone, and there are large in creases in ADP, in some cases to >70 nmol/g. With restoration of normoxia and carotid flow, there is a rapid decrease in ADP so that within 5 min the ADP levels are slightly below the control value. The delayed recovery of PCr (apparent half-time of <5-10 min) is thus not due to a continued deficit in the ATP fADP ratio, but rather to the slow recovery of the pHi' To within the accuracy of the data, an "overshoot" in the PCr level was not observed, nor was an alkaline shift observed in the pHi during re covery from hypoxia with relative ischemia. Al though both effects have been observed with other models of ischemia (Ljunggren et aI., 1974; Rehn crona et aI., 1981; Mabe et aI., 1983) , the magnitude of the PCr "overshoot" and the intracellular alka linization are small and would be difficult to detect accurately with NMR techniques.
The calculated rate of glycolysis under condi tions of cardiac arrest (0.8 flmol glucosefgfmin) is FIG. 7 . Calculated values of ADP during hypoxia, hypoxia with relative ischemia, and recovery in the cat brain (cat no. 10). ADP was calculated using Eq. 1. between three and four times the normal glycolytic rate measured in cat brains (Tanaka et al., 1985) . Lowry et aI. (1964) reported an initial burst of gly colytic activity to approximately seven times the normal rate in rat brain, but after 15 s, the rate fell to � 1 IJ.-mol glucose/g/min.
During recovery there are three routes for lactate clearance from the brain-washout through blood flow, washout through cerebrospinal fluid flow, or oxidation through the Tr icarboxylic Acid Cycle. Washout through cerebrospinal fluid flow would be too slow to affect cerebral lactate concentrations over the time scale of these experiments (Vates et aI., 1964) . Lactate transport across the blood-brain barrier is thought to be a carrier-mediated process, with a Km of �2 IJ.-mol/g and a V max of �o. 10 IJ.-mol/ g/min (Drewes and Gilboe, 1973; Partridge and 01derndorf, 1977) . The fact that our observed rate of lactate recovery after hypoxia with relative isch emia is zero-order with respect to lactate concen tration is consistent with a Km of 2 IJ.-mol/g, but the measured rate (0.36 IJ.-mollg/min) is more than triple the V max given above for lactate washout into the blood. This difference may reflect a species differ ence, but more likely indicates that oxidation of lactate is the dominant clearance mechanism. This conclusion is consistent with the observations of Drewes and Gilboe (1973) , who measured lactate transport into the blood and cerebral lactate con centrations in the same animal (dog) after severe hypoxia. They found that during recovery from hypoxia, the rate of lactate transport into the blood was �0.1 IJ.-mollg/min, while the rate of decrease of tissue lactate was �0.37 IJ.-mollg/min. The slightly elevated lactate levels observed at the end of the recovery period in animals with se vere metabolic responses may arise from high lac tate levels in selected neurons or cerebral regions where cell death has occurred. Such selectively vulnerable neurons have been reported (Kirino, 1982; Pulsinelli and Duffy, 1983) , and histological studies after profound ischemia or anoxia show scattered cell necrosis.
